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Abstract 
In this study, the dehydrogenation of cyclohexanol to cyclohexanone over nitrogen-doped reduced gra-
phene oxide (N-rGO) Cu catalyst has been reported. The N-rGO support was synthesized by chemical 
reduction of graphite oxide (GO). The synthesized N-rGO was used as a support to prepare the Cu/N-
rGO catalyst via an incipient wet impregnation method. The as-prepared support and the Cu/N-rGO 
catalyst were characterized by FESEM, EDX, XRD, TEM, TGA, and Raman spectroscopy. The various 
characterization analysis revealed the suitability of the Cu/N-rGO as a heterogeneous catalyst that can 
be employed for the dehydrogenation of cyclohexanol to cyclohexanone. The catalytic activity of the 
Cu/N-rGO catalyst was tested in non-oxidative dehydrogenation of cyclohexanol to cyclohexanone us-
ing a stainless-steel fixed bed reactor. The effects of temperature, reactant flow rate, and time-on-
stream on the activity of the Cu/N-rGO catalyst were examined. The Cu/N-rGO nanosheets show excel-
lent catalytic activity and selectivity to cyclohexanone. The formation of stable Cu nanoparticles on N-
rGO support interaction and segregation of Cu were crucial factors for the catalytic activity. The high-
est cyclohexanol conversion and selectivity of 93.3% and 82.7%, respectively, were obtained at a reac-
tion temperature of 270 °C and cyclohexanol feed rate of 0.1 ml/min. Copyright © 2020 BCREC Group. 
All rights reserved 
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1. Introduction 
The dehydrogenation of cyclohexanol to cy-
clohexanone is an important reaction for the 
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production of chemical intermediates used for 
the synthesis of caprolactam, nylon and, poly-
amide [1]. The industrial-scale cyclohexanone 
production has been made possible using Cu-Mg 
and Cu-Zn-Al catalysts [2]. The dehydrogena-
tion of cyclohexanol over these catalysts were 
reported to give conversions ranged 50-60% and 
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cyclohexanone selectivity of 99% [3]. However, 
cyclohexanol dehydrogenation has been limited 
by the reversibility phenomenon of the dehy-
drogenation reaction which has been reported 
to keep the cyclohexanol conversion to 50-60% 
at 250 °C [3]. To overcome this limitation, Cu-
based catalysts have been investigated for de-
hydrogenation of cyclohexanol to cyclohexanone 
[4,5]. Attempt in improving the cyclohexanol 
conversion using these catalysts resulted in a 
decrease in the selectivity of cyclohexanone due 
to an increase in the formation of impurities 
such as phenol and cyclohexene as by-products 
[6]. 
The use of support for the synthesis of Cu 
catalyst has been shown to improve cyclohexa-
nol conversion and cyclohexanone selectivity 
[7]. This was due to the efficient dispersion of 
the Cu on the support. Simon et al. [4] reported 
that ZnO and MgO supported Cu catalysts with 
high loading were found to have high conver-
sion and selectivity, thereby overcoming the 
limitations in the cyclohexanone production 
process [4]. Graphene, a two-dimensional car-
bon nanostructure has many excellent proper-
ties such as outstanding charge carrier mobili-
ty, thermal and chemical stability, high specific 
surface area, and superior stability [8,9] could 
be appropriate support material for the disper-
sion of Cu. Hence, the dispersion of Cu on the 
surface of reduced graphene oxide could form 
the basis for the development of new catalytic 
material for dehydrogenation of cyclohexanol. 
To the best of the author’s knowledge, there is 
no reported work on the dehydrogenation of cy-
clohexanol over nitrogen-modified RGO sup-
ported Cu catalysts. The modification of the 
RGO with nitrogen to give N-rGO is expected 
to enhance the Cu-based catalytic activity and 
stability [10,11]. 
The present study, therefore, focuses on the 
synthesis of N-rGO nanosheets supported Cu 
catalyst which was prepared as a form of paper, 
whereas most of the catalytic studies are avail-
able as powder forms. The paper-like form of 
catalysts presents an opportunity ease of han-
dling during an industrial application com-
pared to the powdery form. Besides, the excep-
tional porous nature of the paper-like catalyst 
could significantly influence the catalytic activ-
ities. Therefore, in this work, the catalyst was 
prepared in a new paper form and the catalyst 
performance was evaluated in terms of activi-
ties and stability of the synthesized catalyst 
during catalytic gas-phase dehydrogenation re-
action of cyclohexanol to cyclohexanone at the 
moderate temperatures. 
 
2. Materials and Methods  
2.1 Chemicals 
The chemical used in this study were pur-
chased from different manufacturers at various 
purity grades: Purified graphite powder, con-
centrated H2SO4, (MW = 98.07 g.mole−1, 98%, 
Sigma-Aldrich), concentrated HNO3, (MW = 
63.01 g.mole−1, 65%, Fisher Scientific) and 
KClO3, (MW = 122.5495 g.mole−1, 99%, Fisher 
Scientific), NH3 solution (MW = 17.03 g.mole−1, 
30%, Analytical grade - Sigma-Aldrich), were 
used for the synthesis of the reduced graphene 
oxide. Copper nitrate trihydrate (Cu 
(NO3)2.3H2O); MW = 241.60 g.mole−1, Sigma-
Aldrich) was used as the Cu precursor. Cyclo-
hexanol (MW = 100.16 g.mole−1, 99.5%, Sigma-
Aldrich) was used as the reactant chemical and 
standard. Cyclohexanone (MW = 98.15 
g.mole−1, 99.5%, Sigma-Aldrich) was also used 
as standard. 
 
2.2 Preparation of Catalysts 
Before the preparation of the catalyst, the 
N-rGO support was synthesized by chemical 
reduction of GO in NH3 environment followed 
by thermal treatment with N2. The Cu/N-rGO 
was prepared by incipient wet impregnation. 
The support (GO) was prepared from natural 
graphite flakes using modified Staudenmaier’s 
method as reported by Lee and Seo [12]. For 
the preparation of the GO, an ice-cooled 2:1 
mixture of H2SO4 and HNO3 was mixed with a 
stipulated amount of natural flake graphite. 
The mixture was allowed to react with temper-
ature-controlled at 30 °C with the addition of 
KCLO3. Stipulated amount of deionized water 
was added to the mixture after 96 h and the 
mixture was filtered using a nylon membrane 
to obtain a precipitated GO. The GO was sub-
sequently washed with HCl solution for remov-
al of sulfite ions impurities and thereafter 
washed with deionized water to remove any 
form of chloride ions. The resulting graphite 
oxide was then exfoliated and reduced to gra-
phene oxide by mixing with NH3 solution for 1 
h and thereafter refluxed at 130 °C for 3 h. The 
resulting rGO was subsequently calcined at 
200 °C in the N2 environment for 40 minutes to 
obtain nitrogen-doped reduced graphene oxide 
(N-rGO). The thermal method was based on 
that described by Ning et al. [13]. 
The Cu/N-rGO catalyst was synthesized us-
ing incipient wetness impregnation of the Cu-
precursor into the N-rGO support. The mass of 
the impregnated precursor was calculated to 
obtain an equivalent amount of 1 wt% of Cu.  
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The wet slurry containing the Cu-precursor 
and the N-rGO support was dried overnight at 
110 °C, calcined, and subsequently reduced in 
the N2/H2 (10% (v/v)) environment at 275 °C for 
3 h to obtain as-synthesized 1 wt% Cu/N-RGO 
catalyst. 
 
2.3 Characterization of Catalysts 
Field emission scanning electron microscopy 
(FESEM, JSM-7600 F) and transmission elec-
tron microscopy (TEM, Hitachi, H-7100) were 
used for the morphological analyses of the sup-
ports (GO, N-rGO) and the Cu/N-rGO catalyst.  
Prior to the TEM analysis, the catalyst sample 
was sonicated in absolute ethanol, dried at  
room temperature (25 °C), and then placed on a 
carbon-coated copper grid. The elemental com-
position of the sample was analyzed by energy-
dispersive X-ray spectroscopy (EDX) (JSM-7600 
F). A programmed thermal stability test of the 
catalyst sample was examined under a nitrogen 
atmosphere using thermogravimetric analysis 
(TGA) (TA instrument, Q50). To quantify the 
defects in the product materials, Raman spec-
tra were measured using an excitation wave-
length of 532.027 nm provided by a Spectra 
Model Alpha 300R and brand WI Tec. The X-
ray diffraction (XRD) of the catalysts was 
measured to determine its crystallinity. Using 
a 2θ scanning range of 3° to 180°, the diffracto-
gram was recorded by RIGAKU miniflex II 
equipped with the latest version of PDXL, 
RIGAKU full function powder-diffraction   
analysis software having Cu K X-ray source 
and wavelength () of 0.154 nm. 
 
2.4 Catalytic Activity 
The reaction study showing the catalytic ac-
tivity of the Cu/N-rGO catalyst in the dehydro-
genation of cyclohexanol to cyclohexanone was 
performed in a continuous flow fixed bed reac-
tor. The reaction was performed at atmospher-
ic pressure (1 atm). The schematic representa-
tion of the experimental setup is depicted in 
Figure 1. The fixed bed reactor was connected 
to a nitrogen gas cylinder which serves as the 
carrier gas and to a liquid micropump for the 
feeding of the cyclohexanol into the reactor. 
Approximately 100 mg of the prepared catalyst 
was loaded into the fixed bed reactor. The reac-
tor which is a stainless steel tube was vertical-
ly placed in a furnace heated by an external 
electric heater and insulated with glass wool. 
The temperature of the catalytic bed was moni-
tored using a K-type thermocouple. The dehy-
drogenation process was performed at a tem-
perature range of 200-270 °C, weight hour 
space velocity (WHSV) of 57 and 114 h−1, and 
gas hourly space velocity (GHSV) of 1580 h−1. 
The WHSV was calculated as the weight of 
feed flow per unit weight of the catalyst per 
hour while the GHSV was calculated as the 
hourly volumetric feed gas flow rate/reaction 
volume. The vapor effluent from the reactor 
was cooled down to 25 °C to enhance the sepa-
ration of the gas and liquid products. The liq-
uid and gas products were collected at node 10 
(Figure 1). The liquid products were analyzed 
using GC/FID (CP-Sil 24 CB 30 m × 0.25 mm × 
0.25 um). 
 
3. Results and Discussion 
3.1 Morphology Analysis 
The representative FESEM and TEM analy-
sis showing the morphology of the Cu/N-rGO 
catalyst are depicted in Figures 2 and 3 respec-
tively. Interestingly, the GO obtained from the 
acid oxidation was formed by a few layers of 
GO as shown in Figure 2. A similar observation 
was also reported by Loryuenyong et al. [14]. It 
can be seen from the FESEM micrographs that 
the formed N-rGO nanosheets have distinctive 
corrugated features. However, this corrugated 
feature was subsequently transformed into a 
wavy shape with extended sheets of lateral di-
mensions ranging from a few micrometers to 
tens of micrometers in length with layered 
structures. The effects of doping the GO with 
Nitrogen were quite apparent in which well-
exfoliated samples were formed as shown in 
Figure 2(b) [15]. Functioning the exfoliated 
sheets with the copper salt and further cal-
cined in the N2/H2 atmosphere had exfoliated 
the sheet further. The morphology of the 
Cu/N–rGO nanosheets formed is depicted in 
Figure 1. Diagram showing the experimental 
setup. 
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Figure 2(c). With the dispersion of the 1 
wt%Cu, the compacted shaped of the N-rGO 
was leavened and formed a lightweight foam-
like structure, the findings as in [16]. 
The TEM image of the GO (Figure 3(a)) 
shows that each visible GO flake is comprised 
of few layers of GO sheet stacked laterally. The 
image of the GO formed revealed thin and 
wrinkle nanosheets such that it could allow the 
passage of electron beam [14]. The GO 
nanosheets also had crumple and ripple struc-
tures and in the lateral size ranged from na-
nometers up to a few micrometers as that de-
scribed by [17]. The appearance of these fea-
tures might be due to the deformation of the 
graphite oxide layers that occurred during the 
exfoliation and restacking processes. 
The modification of the reduced GO with Ni-
trogen displayed a corrugated effect on the GO 
resulting in isolated small fragments on the 
surface as shown by the TEM image in Figure 
3(b) [18,19]. This observation is consistent with 
the formation of multilayer structure as shown 
by the TEM image in Figure 3(c) [20] which 
could be attributed to the defect structure 
formed upon exfoliation and the presence of for-
eign nitrogen atoms [21]. Furthermore, a well-
dispersed Cu nanoparticle is noticeable on the 
surface of N-rGO as presented by TEM images 
in Figure 3 (d and e) [16]. The particle size dis-
tribution revealed that the Cu nanoparticles 
were in the range of 5.0 nm to 50.0 nm with a 
mean diameter of 27.5 nm [22]. 
 
3.2 Energy-Dispersive X-ray Spectroscopy 
Analysis (EDX) 
The elemental compositions of GO, N-rGO, 
and Cu/N-rGO catalysts obtained from the 
EDX analysis are shown in Table 1 and the mi-
crographs of the samples are shown in Figure 
4. Interestingly, all components (C, O, N, and 
Cu) were found in the proportions of 76.06 
wt%, 14.86 wt%, 7.22 wt%, and 1.86 wt%,      
respectively. The results also confirmed that 
the oxygen-containing functional groups could 
be removed during the N-doping process with 
the ratio (Cu/C) of 0.024) [23−25]. 
 
3.3 Thermal Gravimetric Analysis 
The TGA profile showing the thermal be-
havior of the as-prepared GO, N-rGO, and 
Cu/N-rGO sheets under the temperature-
programmed calcination environment is depict-
ed in Figure 5. The temperature-programmed 
calcination was conducted in a flow of nitrogen 
at a temperature range of 50−900 °C. The GO 
exhibits more than 80% weight loss between 
100-470 °C resulting from the removal of the 
labile oxygen-containing functional groups, 
such as CO, CO2, and H2O vapors. The N-rGO 
sheets show much higher thermal stability 
with mass loss up to 262 °C. The mass loss ob-
Figure 2. FESEM of (a) GO, (b) N- rGO and (c) Cu/N-rGO. 
Element C (%) O (%) N (%) Cu (%) 
GO 
N-rGO 
Cu/N-rGO 
45.67 
78.17 
76.06 
54.33 
15.85 
14.86 
0 
5.98 
7.22 
0 
0 
1.86 
Table 1. EDX analysis for GO, N-rGO and Cu/N-rGO. 
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Figure 3. TEM of (a) GO, (b, c) N-rGO and (d, e) Cu/N-rGO. 
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served is probably due to the evaporation of the 
adsorbed water and the presence of such oxy-
gen components [26]. 
Supporting metal nanoparticles on the gra-
phene sheets could prevent the formation of 
stacked graphitic structures since the metal 
nanoparticles can act as spacers to increase the 
distance between the sheets. This could lead to 
increasing the surface area of the nanoparticle-
graphene sheets. These materials may have 
promising potential applications in catalysis 
[27]. 
In Figure 5, the weight loss in the range of 
150−280 °C for the Cu/N-rGO can be attributed 
to the combustion of the carbon skeleton of the 
graphene. At a temperature > 280 °C, there 
was no further loss of weight which is an indi-
cation that the Cu/N-rGO catalyst is in its pure 
form. It is obvious that the Cu/N-rGO is more 
thermally stable compared to GO and N-rGO 
[28]. 
 
3.4 XRD Analysis 
The XRD pattern of the Cu/N-rGO is depict-
ed in Figure 6. The crystallite of the element 
identified includes copper (Cu), nitrogen (N), 
graphite (C), and oxygen (O). The crystallite of 
the various elements was identified at a 2θ 
range of 10−145 °C. The crystallite at 2θ = 
24.84°, and 58.68° can be attributed to the 
presence of reduced graphene oxide. At 2θ = 
43.25°, and 61.70°, the crystallite phase repre-
Figure 4. EDX micrograph of the (a) (GO), (b) (N-rGO) and (c) (Cu/N-rGO). 
Figure 5. TGA plots for GO, N-RGO, and 
Cu/N-rGO. Figure 6. XRD Plots of the Cu/N-rGO catalyst. 
 Bulletin of Chemical Reaction Engineering & Catalysis, 15 (2), 2020, 574 
Copyright © 2020, BCREC, ISSN 1978-2993 
senting the presence of the N-doped graphene 
oxide can be identified. The identification of 
copper(II) oxide is evidence at 2θ = 38.77° while 
copper crystallite can be identified at 2θ = 
53.68°. The identification of graphite can be at-
tributed to the peaks 2θ = 58.11°, 68.11°, and 
76.1°. It can be seen that the formation of the 
Cu/N-rGO catalyst is evident from the XRD 
pattern which is consistent with that observed 
using the EDX analysis shown in Figure 4.   
 
3.5 Raman Spectroscopy 
The Raman spectra analysis of GO, N-rGO, 
and Cu/N-rGO, showing the characteristic of 
the D and G bands are depicted in Figure 7. 
The D band displayed in the catalysts can be 
attributed to the defects-induced zone edge 
phonons while the G band signifies the doubly 
degenerate zone center E2g mode [29]. To 
quantify the defects in the graphene materials, 
the ratio of the intensity of the D band to G 
band was estimated for GO, N-rGO, and Cu/N-
rGO as shown in Table 2. The ID/IG ratios of 
0.94, 1.02, and 1.04 obtained for the GO, N-
rGO, and Cu/N-rGO, respectively, are con-
sistent with that reported in the literature [30]. 
The ratios are also indications of the presence 
of some defects and oxygen functional groups 
in the as-prepared samples. The variation of 
the ID/IG ratio between GO and N-rGO signi-
fies the increase in the size of C sp2 atom clus-
ters as a result of the simultaneous reduction 
of GO. Interestingly, the N-doping resulted in 
the shifting of the G band of the rGO [31]. The 
estimated G peak positions of the as-prepared 
GO and N-rGO are approximately 1576.05 and 
1573.00 cm−1, respectively. Similarly, the vari-
ation in the ID/IG ratios of N-rGO and Cu/N-
rGO from 1.02 to 1.04, respectively, is an indi-
cation of the removal of oxygen functionalities. 
Moreover, the partially ordered crystal struc-
ture of graphene as well as the presence of Cu 
nanoparticles on the surface of N-rGO contrib-
utes to the 3D structure of N-rGO [25]. 
 
3.6 Catalytic Activity 
The catalytic activity of the Cu/N-rGO cata-
lyst in the dehydrogenation of cyclohexanol to 
cyclohexanone is depicted in Figures 8 and 9. 
Significantly, there was an increase in the con-
Figure 7. Raman Curves of GO, N-rGO,  and Cu/N-rGO. 
Figure 8. Conversion of cyclohexanol vs. time on stream at different operating temperatures for cyclo-
hexanol flow rates: (a) 0.1 mL.min−1 and (b) 0.2 mL.min−1.
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version of cyclohexanol with a rise in tempera-
ture which is consistent with Arrhenius's con-
cept for temperature-dependent reactions, such 
as dehydrogenation [32]. Based on Arrhenius's 
concept, the activity of a temperature-
dependent reaction increases with an increase 
in temperature. The cyclohexanol conversion 
increases from 73.42% at 200 °C to a maximum 
value of 93.6% at 270 °C, consistent with the 
findings of [33].  
The catalytic activity of the Cu/N-rGO cata-
lyst in terms of product yields also increases 
with temperature climaxing with the highest 
cyclohexanone yield of 78.3% at 270 °C and 0.1 
mL/min. However, the selectivity of cyclohexa-
none using the Cu/N-rGO catalyst represented 
in Figure 9 decreased with a rise in tempera-
tures and flow rates (Table 3). This could be at-
tributed to the formation of by-products, such 
as cyclohexene and phenol, resulting from the 
influence of side reactions and subsequent de-
hydrogenation of cyclohexanone at elevated 
temperatures [34]. The improved catalytic ac-
tivity can be attributed to the excellent physi-
cochemical properties of the catalysts, such as 
the optimized dispersion and size distribution 
of Cu NPs on N-rGO. Moreover, there is a syn-
ergistic effect of the Nitrogen dopant due to the 
exceptional electronic properties which origi-
nate from the conjugated lone pair electron of 
the nitrogen and the reduced graphene oxide 
[35]. Synergistic effect of nitrogen-doped cata-
lysts has been explored in various catalytic 
processes, such as: hydrogen evolution reaction 
[36] and oxygen reduction [37].  
  D position (cm-1) D intensity G position (cm-1) G intensity ID/IG 
GO 1355.18 1060 1576.05 1125.86 0.94 
N-rGO 1351.02 944. 1573.00 926 1.02 
Cu/N-rGO 1347.87 419.18 1568.10 402.14 1.04 
Table 2. Position and intensity of D and G bands and ID/IG ratios. 
Figure 9. The selectivity of cyclohexanone vs. time on stream at different operating temperatures for 
cyclohexanol flow rates: (a) 0.1 mL.min−1 and (b) 0.2 mL.min−1. 
Temperature 
(°C) 
Conversion 
of Cyclohexanol (%) 
Selectivity 
of Cyclohexanone (%) 
Yield 
of Cyclohexanone (%) 
200 
225 
250 
260 
270 
73.42 
80.95 
85.80 
92.75 
93.39 
89.31 
88.81 
86.32 
82.62 
82.78 
65.51 
71.88 
74.14 
76.67 
77.01 
Table 3. Effect of temperature on the activity and selectivity of the Cu/N-rGO catalyst for cyclohexanol 
flow rate of 0.1 mL.min−1.  
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4. Conclusions 
This study has investigated the dehydro-
genation of cyclohexanol to cyclohexanone over 
Cu/N-rGO catalyst. In this study, the facile 
synthesis N-rGO by chemical reduction was 
demonstrated for the first time. The as-
synthesized N-rGO was subsequently utilized 
as a support for the preparation of the Cu na-
noparticles catalyst. The as-prepared Cu/N-
rGO catalyst was characterized and subse-
quently tested in the dehydrogenation of cyclo-
hexanol to cyclohexanone at a temperature 
range of 200–270 °C. The FESEM and TEM 
analysis showed a well-dispersed Cu NPs with 
small particle sizes on N-rGO sheets. The cata-
lytic activity of the Cu NPs supported on N-
rGO in dehydrogenation reactions showed that 
the activity in terms of conversions and yields 
increases with temperature. The highest cyclo-
hexanol conversion as well as the highest cyclo-
hexanone selectivity of 93.3% and 82.7% re-
spectively were obtained from using the Cu/N-
rGO catalyst. The improved activity and stabil-
ity have been attributed to the optimized dis-
persion and size distribution of Cu NPs on N-
rGO making a promising catalyst for the pro-
duction of cyclohexanone via dehydrogenation 
of cyclohexanol. 
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